Abstract. The SIMPOL.1 group contribution method is developed for predicting the liquid vapor pressure p o L (atm) and enthalpy of vaporization H vap (kJ mol −1 ) of organic compounds as functions of temperature (T ). For each compound i, the method assumes log 10 p o L,i (T )= k ν k,i b k (T ) where ν k,i is the number of groups of type k, and b k (T ) is the contribution to log 10 p o L,i (T ) by each group of type k. A zeroeth group is included that uses b 0 (T ) with ν 0,i =1 for all i. A total of 30 structural groups are considered: molecular carbon, alkyl hydroxyl, aromatic hydroxyl, alkyl ether, alkyl ring ether, aromatic ether, aldehyde, ketone, carboxylic acid, ester, nitrate, nitro, alkyl amine (primary, secondary, and tertiary), aromatic amine, amide (primary, secondary, and tertiary), peroxide, hydroperoxide, peroxy acid, C=C, carbonylperoxynitrate, nitro-phenol, nitro-ester, aromatic rings, non-aromatic rings, C=C-C=O in a nonaromatic ring, and carbon on the acid-side of an amide. The T dependence in each of the b k (T ) is assumed to follow b(T )=B 1 /T +B 2 +B 3 T +B 4 ln T . Values of the B coefficients are fit using an initial basis set of 272 compounds for which experimentally based functions p o L,i =f i (T ) are available. The range of vapor pressure considered spans fourteen orders of magnitude. The ability of the initially fitted B coefficients to predict p o L values is examined using a test set of 184 compounds and a T range that is as wide as 273.15 to 393.15 K for some compounds. σ FIT is defined as the average over all points of the absolute value of the difference between 
Introduction
For organic compound i, knowledge of the liquid vapor pressure p o L, i at the system temperature (T ) is required whenever phase equilibrium of i between a liquid phase and the gas phase is of interest. This type of partitioning arises frequently in many disciplines, and so the need for reliable p o L, i values is considerable. And, since the T dependence of p o L, i is determined by the compound-dependent enthalpy of vaporization H vap,i , the same need extends to H vap,i values. In our case, the topic of interest is gas/particle partitioning in atmospheric and smoke aerosol systems (e.g., Pankow, 1994a Pankow, , 1994b Pankow, , 2001 Pankow et al., 2001 Pankow et al., , 2004 Barsanti and Pankow, 2004 . Given the infinite structural variety possible with organic compounds, laboratory measurements will never keep pace with the need for new p o L, i information. Consequently, there is continuing interest in the development of reliable methods for predicting p o L, i and H vap,i values. In the case of the behavior and formation of organic particulate matter (OPM) in the atmosphere, there is growing interest in a Published by Copernicus Publications on behalf of the European Geosciences Union. Table 1a . Non-oxygenated, hydroxyl, ketones, aldehydes, and carboxylic acid saturated compounds in the basis set for the initial fit.
Nonoxygenated alkanes
Alkanoic ketones and aldehydes Alkanoic carboxylic acids 2,2-dimethyl pentane butanal ethanoic acid 1,1-dimethyl cyclohexane 2-methyl propanal propanoic acid cis-1,2-dimethyl-cyclohexane cylopentanone 2-methyl-propanoic acid 2,2,4 trimethyl pentane cylohexanone butanoic acid 5-methyl-2-hexanone cyclobutanoic acid Alkanoic hydroxyls octanal 3-methyl butanoic acid cyclobutanol 2-octanone pentanoic acid 2-butanol 3-hydroxy-3-methyl-2-butanone cyclopentane carboxylic acid 2-methyl-1-propanol 4-hydroxy-2-pentanone hexanoic acid 1-butanol 2,4 hexanedione 2-ethyl-butanoic acid 1-pentanol 4-hydroxy-4-methyl-2-pentanone 4-methyl-pentanoic acid 2,2-dimethyl-1-propanol 3-hexanone cyclohexanecarboxylic acid 2-pentanol hexanal heptanoic acid cyclohexanol heptanal octanoic acid 1-hexanol 2-heptanone nonanoic acid 2-methyl 2-pentanol 2-oxo-propanoic acid 2,3 dimethyl 2-butanol 2-hydroxy-propanoic acid 3-hexanol 4-oxo-pentanoic acid 1,2-propanediol butanedioic acid 1,4-butanediol pentanedioic acid 2,3-butanediol 1,3-butanediol 1,2-butanediol 1,5-pentanediol 2,3-pentanediol 1,2-pentanediol 2,4-dimethyl-cyclopentanol cycloheptanol 2-methyl-cis-cyclohexanol wide range of multi-functional oxygenated compounds and nitrogen-containing compounds, e.g., hydroxy acids, diacids, hydroxy diacids, hydroxy aldehydes, organic nitrates, nitro aldehydes, etc.
Quantum-mechanical calculations are making steady progress in the theater of predicting p o L, i values for any structure of interest (Diedenhofen et al., 2007; Verevkin et al., 2007; Banerjee et al., 2006; Tong et al., 2004) . However, prediction efforts for more complicated structures can now only be based on either a complex consideration of the interaction forces between molecules (i.e., dispersion, induction, dipole and H-bonding) as in the SPARC model discussed by Hilal et al. (1994) , or by empirical group-contribution means.
In the group contribution approach to prediction of molecular properties, it is hypothesized that the value of a property of interest for compound i can be predicted based on empirically determinable contributions from the structural fragments that comprise i. As a function of temperature T , the result is often an equation of the type 
where: Z i (T )is the property of interest, e.g., p o L, i (T ); the parameter b 0 (T ) is a T -dependent constant; ν k,i is the number of groups of type k in i; the index k may take on the values 1,2,3, etc.; and b k (T ) is the group contribution term for group k. Values for b 0 (T ) and the set of b k (T ) are usually determined by fitting (i.e., optimizing) Eq. (1) using laboratory-based measures of Z i (T ) for a large number of compounds that contain the groups of interest. For example, for both 2,3-and 2,4-dihydroxypentane it can be considered that ν OH, i = 2, ν CH 3 , i =2, ν CH 2 ,i =1, and ν CH,i =2. In this approach, four b k (T ) values are required, and Eq. (1) will give the same prediction for Z i (T ) for both isomers. However, the vicinal nature of the two OH groups in 2,3-dihydroxypentane allows greater intramolecular interaction of the OH groups (and less intermolecular interaction) than in the 2,4 isomer, causing differences in molecular properties. In the case of vapor pressure, p o L, i (T ) will be higher for the 2,3 isomer than for the 2,4 isomer. Accounting for such property differences among isomers can be accomplished by consideration of additional, "higher-order" groups. Thus, for 2,3-dihydroxypentane a "second-order" 
Nonoxygenated aromatics 2,3-dimethyl-2-butene (1,1-dimethyl-ethyl)-benzene 1,2-diphenyl-ethane Alkenoic hydroxyls 2-phenyl-propane 3-buten-1-ol 2-methyl-4-penten-2-ol 3-buten-2-ol 3-cyclohexen-1-ol Phenyl alkanoic hydroxyls 2-methyl-2-buten-1-ol 3-methyl-3-penten-2-ol 1-phenyl-ethanol 2-penten-1-ol 4-methyl-3-penten-1-ol 2-phenyl-ethanol 3-methyl-3-buten-1-ol cyclohex-1-enyl-methanol 3-penten-1-ol 3-methyl-2-cyclohexen-1-ol Phenols 2,3-dimethyl-2-buten-1-ol cis-9-octadecen-1-ol phenol 2-methyl-1-penten-3-ol 2-hydroxy-1-methyl-benzene Alkenoic ketones and aldehydes 3-hydroxy-1-methyl-benzene 2-butenal 4-methyl-3-penten-2-one 4-hydroxy-1-methyl-benzene 3-buten-2-one 4-methyl-4-penten-2-one 2-ethyl-phenol 2-methyl-2-butenal 5-hexen-2-one Aromatic ketones and aldehydes 3-penten-2-one 5-hexen-3-one benzaldehyde 2,3-dimethyl-2-butenal 1-cyclohex-1-enyl-ethanone 1-phenyl-ethanone 2,4-hexadienal 3-methyl-3-penten-2-one 2-methyl-benzaldehyde 5-(1-hydroxy-1-methyl-ethyl)-2-methyl-cyclohex-2-enone 2-phenyl-propanal 1-(2-methyl-phenyl)-ethanone Alkenoic carboxylic acids 1-phenyl-2-propanone propenoic-acid 3-hexenoic-acid Aromatic carboxylic acids 2-methyl-propenoic-acid 4-hexenoic-acid 3-methyl-benzoic acid 3-butenoic-acid 2-cyclohexene carboxylic acid 4-methyl-benzoic acid 2-ethyl-propenoic-acid 9,12-octadecadienoic acid 2-phenyl-ethanoic acid 2-pentenoic-acid 9,12,15-octadecatrienoic acid 2-phenyl-propanoic acid 2-cyclopentene-carboxylic-acid trans-3-phenyl-2-propenoic acid group CH(OH)-CH(OH) (="vicinal-OH") can be invoked with ν vicinal−OH,i =1. Kolská et al. (2005) describe a thirdorder method for prediction of H vap,i and the entropy of vaporization S vap,i values at 298.15 K. In the most general application of a group contribution model, the fitting takes place over a broad range of compound types, e.g., simple alkanes, functionalized alkanes, aromatics, functionalized aromatics, etc. In that case, b 0 (T ) serves as a general fitting constant. Alternatively, the fitting can take place within a particular class of compounds, as in the study by Lee et al. (2000) 
The summation accounts for how the presence of the various first-and second-order groups cause p o L, i (298.15) to differ from p o L, benzene (298.15).
In a generalization (though first order) of the Lee et al. (2000) approach, Capouet and Müller (2006) allowed that a range of parent structures would be of interest, and so existing p o L,i (T ) data for a range of compounds were fit to
where p o L,hc−i (T ) is the known vapor pressure for the nonfunctionalized hydrocarbon (hc) compound that possesses the skeletal structure underlying compound i, and the τ k (T ) are conceptually equivalent to the b k (T ). Application of Eq. (3) to a particular i requires knowledge (or an independent prediction) of p o L,hc−i (T ); the summation accounts for how the substituents in i cause p o L,i (T ) to differ from p o L,hc−i (T ). In the fitting carried out by Capouet and Müller (2006) , multiple different hc-i structures were considered; the corresponding p o L,hc−i (T ) and p o L,i (T ) were taken as the inputs, and the output was a set of τ k (T ) encompassing 10 groups: OH (as bonded to a primary, secondary, and tertiary carbon); C=O (aldehyde or ketone); COOH; hydroperoxy; nitrate (primary, secondary, and tertiary); and peroxyacetylnitrate (PAN). Table 1c . Amides, amines, ethers, and nitrate-group containing compounds in the basis set for the initial fit.
Amides
Ethers formamide dimethyl-propionamide 1,2-epoxy-3-isopropoxy-propane 1,3-dioxacyclooctane acetamide diethyl-formamide 1-butoxy-2-ethoxyethane 1,4-dioxane methyl-formamide butyl-acetamide 2,6-dimethoxybenzoic acid 1,3-dioxane dimethyl-formamide propanamide 1-(2-methoxyethoxy)-butane 1,1-dimethoxyethene methyl-acetamide butyramide 3,4-dimethoxybenzoic acid 1,2-dipropoxyethane ethyl-formamide pentanamide 4-methoxy-benzaldehyde 1,3-diethoxypropane dimethyl-acetamide hexanamide 2-(2-methylpropoxy)-ethanol 1,1-dimethoxybutane 3,5-dimethoxybenzoic acid levoglucosan Amines 3-(2-methoxyphenyl)-propionic acid 2-n-butoxy-1-ethanol 2-propylamine 4-amino-3-methylbenzoic acid 3-(3,4-dimethoxyphenyl)-propionic acid methoxyethane 1-propylamine n-methyl-n-phenyl-amine 5,5-dimethyl-1,3-dioxane 4-methoxy-phenol phenylamine dimethyl-hydroxylamine 4,4-dimethyl-1,3-dioxane 1,1-dimethoxy-2-butene 1-pentylamine 1,2,-ethane-diamine 2-methoxy-tetrahydropyran 4-amino-toluene 3-amino-4-methylbenzoic 3-(4-methoxyphenyl)-propionic acid 3-amino-toluene 2-methyl-propylamine
(1-methyl-ethyl)-methylamine 3-methylbutyl nitrate methylamine n-methyl-phenylamine 2-methylpropyl nitrate ethylamine n-methyl-1-butanamine butyl nitrate trimethylamine n,n-dimethyl-n-phenyl-amine ethyl nitrate diethylamine triethylamine propylnitrate 1-butylamine 1-methylethyl nitrate 1,2,3-propanetrinitrate cyclopentyl nitrate Capouet and Müller (2006) report generally better prediction accuracies for the Eq. (3) method than with the more general UNIFAC-p o L method of Asher et al. (2002) , though the fitting constants in Asher et al. (2002) have been superseded by those given in Asher and Pankow (2006) . In any case, as a practical matter, requiring knowledge of p o L,hc−i (T ) can be a significant disadvantage relative to a more general method that can be executed Table 1e . Peroxide, hydroperoxide, and carbonylperoxynitrate-group containing compounds in the basis set for the initial fit.
Peroxides
Carbonylperoxynitrates di-n-butyl peroxide peroxyacetylnitrate di-(1,1-dimethylethyl)-peroxide diethyl-peroxide
Hydroperoxides
Peroxyacids 1-methyl-1-phenyl-ethyl-hydroperoxide 1-oxo-ethyl-hydroperoxide methyl-hydroperoxide 1-oxo-propyl-hydroperoxide ethyl-hydroperoxide 1-oxo-butyl-hydroperoxide (1,1-dimethylethyl)-hydroperoxide using fitting constants alone, e.g. the method of Asher and Pankow (2006) or that of Makar (2001) . Moreover, for the compounds that actually form OPM in the atmosphere, good knowledge of the underlying structures is lacking, the available information being limited to a general idea of structural characteristics such as the number of carbons, the likely number and types of functional groups, and whether any aromatic or non-aromatic rings are likely to be present. The goal of this work was to develop a simple p o L,i (T ) group contribution method for which that level of information would be sufficient.
2 Simplified p o L prediction method (SIMPOL.1)
General
The groups of interest considered include a range of firstorder group functionalities important for organic compounds involved in OPM formation, and several second order groups. Nevertheless, the total number of groups N G was kept as small as possible while still affording good accuracy of the overall fit: SIMPOL.1 is not intended as a method that employs many second-and third-order groups. The SIMPOL.1 method is based on 
wherein k may take on the values 0,1,2,3, etc., and for k=0, ν 0,i ≡1 for all i. Perhaps the most important chemical group in SIMPOL.1 is molecular carbon, for which k=1. Thus, ν 1, i denotes the number of carbon atoms in i, and b 1 (T ) denotes the percarbon group contribution to log 10 p o L,i (T ). At ambient temperatures, b 1 (T )≈−0.5 (see Table 6 below) and so within any given compound class, p o L,i (T ) drops by about 1/3 of an order of magnitude for every unit increase in the carbon number.
By way of comparison with prior work from our group, Asher and Pankow (2006) follow Jensen et al. (1981) and begin with
where: each log 10 (Ŵ k,i ) is a UNIFAC "residual term" that accounts for the intramolecule and intermolecular group-group interactions involving group k; R is the gas constant; and g k (T )is the difference between the molar free energy of group k in the pure liquid state and in the perfect gas at 1 atm. After using tabulated values of UNIFAC group interactions parameters compiled in Hansen et al. (1991) to compute k ν k,i log 10 (Ŵ k,i ) for the compounds in their basis set, Asher and Pankow (2006) 
data values to Eq. (7) to obtain expressions for g k (T ); a total of 24 groups were considered. Adoption of Eq. (6) in place of Eq. (7) amounts to assuming that each b k (T ) can be fit as a lumped equivalent
In SIMPOL.1, the T dependence in each of the b k (T ) is fit to its own set of B 1,k to B 4,k according to
which is the form of the T dependence utilized for the 17 coefficients in the UNIFAC model of Jensen et al. (1981) . The goal of this work is to use p o L,i (T ) data for a wide range of compounds to obtain best-fit functional representations of the b k (T ). The temperature dependence of log 10 p o L,i (T ) may be used to estimate H vap,i (T ) according to
Thus, by Eq. (6)
Eq. (10) may be viewed as a group contribution expression for H vap,i (T ) based on the SIMPOL.1 framework where the group contribution to H vap,i (T ), defined as h vap,i (T ), is given by each term in the summation in Eq. (10). Eq. (10) may also be used to derive the predicted change in H vap,i (T ) as a function of T in the SIMPOL.1 framework. Substitution of the functional form for b k given in Eq. (8) into Eq. (10) and taking the derivative with respect to T results in
where
For any real compound i in the liquid state,
because H vap,i decreases monotonically to zero as T approaches the compound's critical temperature T c,i (Reid et al., 1986) . (As Table 3a . Non-oxygenated, hydroxyl, phenolic, aldehyde, ketone, and carboxylic acid compounds in the test set for the initial fit.
Hydroxyls
Aldehydes and Ketones Carboxylic Acids (cont.) 2-methyl, 2,4 pentanediol 2-acetyl-cyclopentanone pinic acid 1,6 hexanediol 2-hydroxy-2-methyl-3-hexanone norpinic acid 2,3 dimethyl 2,3 butanediol pinonaldehyde 15-hydroxy-pentadecanoic acid 1,7-heptanediol caronaldehyde 16-hydroxy-hexadecanoic acid 1,2,3-trihydroxy-propane 5-hexenal 12-hydroxy-octadecanoic acid 4-methyl-4-penten-2-ol 2-cyclohexen-1-one 2-oxo-pentanedioic acid 2-methyl-cyclohex-1-enyl-methanol 5-methyl-5-hexen-2-one 3-oxo-pentanedioic acid cis-2-butene-1,4-diol 2-ethyl-hex-2-enal 2-oxohexanedioic acid oct-2-en-4-ol 3,4-dimethyl-hex-3-en-2-one 3-oxohexanedioic acid 3,7-dimethyl-oct-6-en-1-ol 6-methyl-hept-3-en-2-one 5-oxo-nonanedioic acid 5-decen-1-ol 6-methyl-hept-5-en-2-one 5-hexenoic acid 9-decen-1-ol 5-methyl-hept-4-en-3-one 2-octenoic acid
Carboxylic Acids 2,3,5-trimethyl benzoic acid 1-(4-hydroxyphenyl)-ethanone 2-ethyl-hexanoic acid 2,3,6-trimethyl benzoic acid 1-napthol propanedioic acid 2,4,5-trimethyl benzoic acid 2-napthol hexanedioic acid 2,4,6-trimethyl benzoic acid 2-propyl phenol heptanedioic acid 3,4,5-trimethyl benzoic acid 4-propyl phenol octanedioic acid 2-(1-methylethyl) benzoic acid 2-(1-methyl-ethyl)-phenol nonanedioic acid 3-(1-methylethyl) benzoic acid 3-(1-methyl-ethyl)-phenol decanedioic acid 4-(1-methylethyl) benzoic acid Saturated Non-oxygenated undecanedioic acid 2,3,4,5-tetramethyl benzoic acid cyclohexane dodecanedioic acid 2,3,4,6-tetramethyl benzoic acid 1,1-dimethyl cyclopentane 3-methyl-hexanedioic acid 2,3,5,6-tetramethyl benzoic acid trans-1,3-dimethyl cyclopentane 2,2-dimethyl-butanedioic acid 2-(1,1-dimethylethyl) benzoic acid 2,3,4-trimethyl pentane 2-methyl-butanedioic acid 3-(1,1-dimethylethyl) benzoic acid 2,2,3,3-tetramethyl butane 2-methyl-pentanedioic acid 4-(1,1-dimethylethyl) benzoic acid 2,2-dimethyl-pentanedioic acid pentamethyl benzoic acid T →T c,i , the liquid and gas states for i become increasingly similar, and less and less thermal energy is required for the phase transition.) It is desirable, then, that the values of the fitted parameters used in Eq. (10) yield d H vap,i (T )/dT <0 with Eq. (11). The extent to which this is observed depends upon the reliability of the p o L,i (T ) data set used in the fitting (including adequate coverage by the data of suitably wide temperature ranges for a mix of compounds that contains all the groups of interest) and the ability of the chosen groups to represent the physical properties of i.
Fitting the SIMPOL.1 coefficients
All B 1,k − B 4,k sets were determined by an optimization process using a set of compounds with measured p o L (T ) values. See Asher et al. (2002) and Asher and Pankow (2006) for descriptions of this type of process. The optimization used nonlinear regression to minimize a least-squares goodnessof-fit criterion defined as Table 3b . Amide, amine, ester, ether, nitrate, nitro-containing, and peroxide compounds in the test set for the initial fit.
Amides
Ethers
Nitros 2-amino-3-methylbenzoic 2,4-dinitrophenol 2-amino-5-methylbenzoic 2,5-dinitrophenol 2-amino-6-methylbenzoic 3-nitrophenol 3-amino-2-methylbenzoic 4-nitrophenol 2-methyl-6-nitrobenzoic acid Esters 3-methyl-2-nitrobenzoic acid dimethyl 1,4-benzenedicarboxylate 3-methyl-4-nitrobenzoic acid methyl dimethoxyethanoate diethyl 1,1-cyclopentanedicarboxylate Peroxides dimethyl propanedioate di-(1-methyl-propyl) peroxide 1,2-ethanediol diacetate methyl benzoate phenyl acetate ethyl benzoate diethyl 1,1-cyclobutanedicarboxylate n-propyl benzoate 2-methyl-propyl benzoate n-butyl benzoate
where: N c is the number of compounds (=272 for the initial basis set); N G is the total number of groups considered; and each (p o L,i (T j,i )) E is the vapor pressure of i at temperature T as evaluated using a p o L,i =f i (T ) expression (e.g., an Antoine calculated in units of atmospheres. For compounds for which f i (T ) had been fit over that entire range, N T,i =7; for others, N T,i <7. With the initial basis set compounds, the total number of points considered in the optimization was N=1844.
Groups and initial basis set compounds
In addition to the zeroeth group, 30 structural groups are considered, giving the total number of groups N G =31. In addition to molecular carbon (for which k=1), the first-order groups considered are: alkyl hydroxyl, aromatic hydroxyl (e.g., phenol), alkyl ether, alkyl ring ether (e.g, dioxane), aro- matic ether (e.g., methoxybenzene), aldehyde, ketone, carboxylic acid, ester, nitrate, nitro, alkyl amine (primary, secondary, and tertiary), aromatic amine (e.g., aniline), amide (primary, secondary, and tertiary), peroxide, hydroperoxide, peroxy acid, C=C, and carbonylperoxynitrate. The secondorder groups considered are: carbon on the acid-side of an amide for which k=2 (e.g., for n-propyl-butyramide, ν 1 =7 and ν 2 = 4); nitro-phenol (as in 2-nitro-phenol), nitro-ester (as in methyl nitroacetate), aromatic rings, non-aromatic rings (as in cyclohexane), and C=C-C=O in a non-aromatic ring (as in cyclohex-2-enone). Group consideration was not extended to ortho, meta, or para positioning on aromatic rings, or to cis/trans positioning for alkenes. Table 1 lists the 272 basis set compounds used in the initial fit. There were 6 compounds in the set with primary amide functionality, 4 secondary amides, 4 tertiary amides, 12 primary amines, 4 secondary amines, 3 tertiary amines, 9 aromatic amines, 37 esters, 21 ethers, 10 nitrates, 35 nitros, 3 peroxides, 4 hydroperoxides, 3 peroxy acids, 1 carbonylperoxynitrate, 65 hydroxyls, 6 phenols, 14 aldehydes, 27 ketones, 55 carboxylic acids, 16 aromatic ethers, 16 alkyl ring ethers, 8 nitrophenols, and 5 nitroesters. (These numbers sum to more than 272 because many of the compounds in the basis set had more than one functional group.)
Optimization
There is no general theoretical method for determining whether a local minimum χ 2 value found by optimizing the set of B values for Eq. (1) is the desired global minimum. However, beginning the optimization with a large number of suitably different sets of initial B values provides an equal number of optimized χ 2 values, and selecting the lowest of these local minima provides a measure of confidence that the corresponding optimized B set either is the set for the global minimum, or is nearly as good as the set for the global minimum.
The χ 2 fitting function in Eq. (1) was minimized using the generalized reduced-gradient method (Lasdon et al., 1978) contained in the nonlinear optimization routines LOADNLP and OPTIMIZE from SOLVER.DLL (Frontline Systems, Boulder, Colorado). The optimization was performed in two steps. First, 100 sets of initial B values (with each set containing 31×4 initial values) were populated randomly (though subject to the condition that the absolute value of all four terms on the right-hand side of Eq. (8) were of order unity). The mean and standard deviation of the 100 χ 2 values were 472 and 23, respectively. The smallest of these χ 2 was 372.
In the second step of the optimization, the set of B values giving χ 2 =372 was subjected to further refinement by running 100 additional optimizations, varying each B by a random amount, with all variations restricted within ±30%. The mean and standard deviation of the resulting 100 χ 2 values were 332 and 3, respectively. The smallest of the χ 2 was 325. Further attempts to refine the coefficients did not produce any significant decrease in χ 2 . When comparing the B set for χ 2 = 372 to the set for χ 2 =325, the median absolute difference is 30%.
Results

Fit accuracy of SIMPOL.1 with initial basis set compounds
The overall agreement between the experimental and predicted values can be assessed in terms of an absolute value form of standard error of the fit:
where (p o L,i (T j,i )) P is the predicted vapor pressure for i at temperature T j,i by Eq. (6). For the basis set, N c =272 and N=1844 (see above), and using the set of B giving χ 2 =325 yields σ FIT =0.29 (log units): on average, (p o L,i (T j,i )) E for compounds in the basis set is predicted to within a factor of ∼2. This is evidenced in Fig. 1 , which is a plot of log 10 (p o L,i (T j,i )) P vs. log 10 (p o L,i (T j,i )) E for the initial basis set compounds at 333.15 K, the lowest T to which all of the experimentally based p o L,i =f i (T ) expressions extended. It should be noted that although the minimum p o L,i shown in Fig. 1 is 10 −9 atm, there were 24 values of p o L,i included in the optimization that were lower than 10 −9 atm with a minimum p o L,i of 7.90×10 −14 atm. However, these lower values were for compounds at lower temperatures, where the data is not shown on the figure. Given the multi-functionality possessed by many of the compounds, the 13 major compound class designations used in the figures are somewhat arbitrary. The "saturated" class for example, includes all compounds lacking double bonds and aromatic rings that are not assigned to another class, and so includes simple alcohols, carbonyls, and acids. Similarly, the nitro class contains compounds having only nitro groups, but also compounds with nitro groups and hydroxyl, carbonyl, or acid functionality. Table 2 provides σ FIT for the initial basis set by compound class, i.e., with N c and N in Eq. (13) For the initial basis set of compounds, the set of B producing χ 2 =325 gives σ SGN =1.4×10 −3 (log units). This indicates that as averaged over all 272 initial basis set compounds and seven temperatures, there is no significant bias in the fitting; the σ SGN values in Table 2 indicate that this result extends down to each of the 13 major compound classes considered. Figure 3 provides a plot of the corresponding individual σ SGN,i vs. log 10 (p o L,i (T j,i )) E for 333.15 K.
Method validation of SIMPOL.1 with a test set of compounds
The ability of the set of B coefficients producing χ 2 =325 to predict values of (p o L,i (T j,i )) E for compounds outside the initial basis set was examined using a test set of 184 compounds (Table 3) 8/2773/2008/acp-8-2773-2008-supplement.pdf . Averaged over all test set compounds, σ FIT =0.45, and σ SGN =−0.071: the average prediction error is a factor of ∼3, and there is no significant overall bias. Table 4 gives σ FIT and σ SGN values for the test compounds when N c and N are limited to represent the compounds within a particular compound class. Overall, given the wide range of compounds in the test set, SIMPOL.1 does well in predicting (p o L,i (T j,i )) E . However, the individual compounds for which the performance is appears to be poor bear some discussion. In the case of the nitro class, σ FIT and σ SGN are 1.0 and 0.40, respectively. These ostensibly poor results are driven by: 1) the small number of nitro compounds in the test set; and 2) large apparent errors for only two of the nitro compounds, 3-nitrophenol and 4-nitrophenol (σ FIT,i =2.64 and 2.24, respectively). The cause of the poor performance for 3-nitrophenol and 4-nitrophenol is not clear. By comparison, for 2-nitrophenol (which is in the initial basis set), σ FIT,i is better (0.42). Thus, there might be a large effect of meta and para substitution on p o L for nitrophenols. Alternatively, it is possible that the (p o L,i (T j,i )) E values for 3-nitrophenol and 4-nitrophenol are in error. Indeed, it is undoubtedly true that some of the experimentally based p o L,i =f i (T ) expressions suffer from significant error: numerous prior parameter prediction studies have identified experimental data that likely are in error, e.g., see the comments by Rathbun (1987) on the likelihood of errors in the p o L data of Stull (1947) for 2-pentanone and other similar ketones.
Besides compounds containing the nitro group, method performance appears to be relatively poor for some compounds in the saturated class, the aromatic class, and some compounds in the ether class. For the saturated class, σ FIT =0.66, due mainly to 2-hydroxy-2-methyl-3-hexanone, 2-ethyl-hexanoic acid, norpinic acid, and the three longchain hydroxyl acids. When these six compounds are removed, σ FIT for the remaining 32 compounds is lowered to 0.51, and the method may be viewed as performing relatively well. Given their relatively simple structures, (i.e., the absence of likely effects from higher order groups), errors in some of the (p o L,i (T j,i )) E values for compounds in the saturated class seem possible. This is especially the case for the hydroxyl acids, where at T =273.15 K SIMPOL.1 underestimates the measured (p o L,i (T j,i )) E by over 3 orders of magnitude. However, SIMPOL.1 overestimates the measured (p o L,i (T j,i )) E by a factor of at least 10 for T =273.15 K, suggesting that the dependence of (p o L,i (T j,i )) E on T is very different from that predicted overall by SIMPOL.1. For the ethers, the overall error is relatively low, σ FIT =0.42, with a relatively large bias, σ SGN =−0.25, but there are not consistent patterns in the results that explain the relatively large bias. However, for trans-2, 2,4,6-tetramethyl-1,3- In the determination of the final set of B coefficients, the basis set compounds in Table 1 were combined with the test set compounds in Table 3 . For this combined set (456 compounds), the set of B coefficients determined using the initial basis set gives χ 2 =855. For each of 100 subsequent optimization runs, the initial value of each B coefficient was taken as the final value determined using the initial basis set modified randomly by at most ±30%. The lowest χ 2 value thus obtained was 728 (mean=736, standard deviation=6). Further optimization attempts did not succeed in lowering χ 2 . Table 5 gives the final B coefficients giving χ 2 =736. Table 6 gives the values of the b k (T ) at T =293.15: at that T , adding one carbon, carboxylic acid, alkyl hydroxyl, ketone, or aldehyde groups alters log 10 p o L,i by -0.438, -3.58, -2.23, -0.935, and -1.35, respectively. For comparison, Table 6 also provides the corresponding values of τ k (293.15) from Capouet and Müller (2006) ; these are generally similar to the b k (293.15) determined here. For the carboxylic acid, primary hydroxyl, and carbonyl (i.e., ketone or aldehyde) groups, Capouet and Müller (2006) give τ k (293.15)=-3.10, -2.76, and -0.91.
Consider the transformation of cyclohexene to adipic acid, an example that has historical significance in the evolution of the understanding of the formation of secondary OPM in the atmosphere (Haagen-Smit, 1952) . For cyclohexene, υ 0 = 1, υ 1 =6, υ 4 =1, and υ 5 =1, and by Eq. (6) and the values in Meyer and Hotz (1973) and Steele et al. (1996) yield the Antoine fit log 10 p o L (T )=4.814-(1713/(T +0.04870)), which gives log 10 p o L (T )=−1.08 at 293.15 K. For adipic acid, when the p o S (T ) (sublimation) data of Davies and Thomas (1960) , Tao and McMurray (1989) , Chattopadhyay and Zieman (2005), and Cappa et al. (2007) are combined with the entropy of fusion data of Roux et al. (2005) and averaged with sub-cooled liquid vapor pressures from Bilde et al. (2003) , the resulting value for log 10 p o L is -8.49 at 293.15 K. Table 7 provides σ SGN and σ FIT values by compound class and sub-class. All σ SGN values for the major classes are low (no significant biases). However, among the compounds containing the nitro group, as noted above, p o L is predicted poorly for 3-nitrophenol and 4-nitrophenol. When these two compounds are excluded, σ FIT for the nitro class is reduced from 0.50 to 0.42, but even so prediction for this class seems problematical. As discussed above, this may be due to complexities in the effects of structure on p o L with nitro-containing compounds, or accuracy problems with the experimental data. Figure 10 shows σ FIT at various T by major compound class. For some classes, e.g., amides and peroxides, the mean error is least for T values in the center of the fitted range, and larger at both T <300 K and T >360 K. This type of parabolic behavior in the error is typical of least-squares fitting carried out over a specific data range for the independent variable. The relatively larger errors at lower T for all classes are likely exacerbated due to the increase in experimental difficulty at low p o L . Evidence of this difficulty at low p o L is shown in Fig. 11 using data for nitroethanol. Fig. 12 plots σ FIT vs. log 10 (p o L,i (T j,i )) E , again showing the general tendency in the error to increase with decreasing log 10 (p o L,i (T j,i )) E . The increase in σ FIT with decreasing p o L is most likely a combination of the relatively small number of data points at low vapor pressure, the increase in experimental error with decreasing volatility, and the parabolic error profile for a least-squares type of approach.
3.4
H vap,i prediction using SIMPOL.1 with final coefficients Values of H vap,i may be predicted using Eq. (10) and the final B coefficients in Table 5 . Figure 13 shows predicted values of H vap,i at T =333.15 K vs. experimentally based values derived by consideration of the experimental p o L,i =f i (T ) functions and Eq. (9). Table 8 summarizes the quality of the predictions at T =333.15 K based on the following un-normalized (σ ) and normalized (i.e., relative, ρ) error estimates, with each in absolute value and signed form: Table 9 . At any given T <T c,i , though we know that d H vap,i (T )/dT <0 (see above), this does not require for any particular group k that d h vap,k (T )/dT <0, only that the υ k,i − weighted sum is negative. However, since all υ k,i ≥0, by Eq. (11), at least some fraction of the structurally important groups must give d h vap,k (T )/dT <0. Table 6 gives the sign of the d h vap,k (T )/dT values at 293.15 K for the SIMPOL.1 groups based on Eq. (11) and the B values in Table 5 . Importantly, for the carbon group (k=1), d h vap,k (T )/dT <0. This result is important in causing d H vap,i (T )/dT <0 to be predicted for many of the compounds in Tables 1 and 3. For the method of Capouet and Müller (2006) , taking the derivative of Eq. (3) with respect to (1/T ) and consideration of Eq. (9) yields 
The analogous expressions for the SIMPOL.1 representation are Eqs. (10) and (11), respectively. The functionality selected for the b k (T ) as fitted by Capouet and Müller (2006) is τ k (T )=α k +β k T , giving d τ k (T )/d(1/T )= − β k T 2 and (d/dT )d τ k (T )/d(1/T )=−2β k T . In the fitting results reported by Capouet and Müller (2006) , all β k >0. Thus in that fitting, the role of forcing d H vap,i (T )/dT < 0 must then be borne entirely by d H vap,hc−i (T )/dT . This is not possible for any real compound i. The latter derivative is only capable of bringing H vap,hc−i (T ) to zero, and for the groups considered by Capouet and Müller (2006) , H vap,i (T )> H vap,hc−i (T ). Caution should therefore accompany use of the temperature dependencies given for the τ k in Capouet and Müller (2006) .
Overall, regardless of the p o L (T ) prediction method used when modeling the atmospheric behavior of a compound over a particular T interval, when it is correctly predicted over the entire interval that d H vap,i /dT < 0, then the T dependence given by Eq. (10) may be used. However, when d H vap,i /dT >0 over some portion of the T interval of interest, H vap,i should be evaluated at the central T and then assumed to remain constant over the entire interval.
Conclusions
A simple group contribution method has been developed that allows prediction of p o L,i and H vap,i values based on straightforward molecular structure considerations. Extensive error analyses for both parameters provide a detailed understanding of the reliability of the estimates by compound class and sub-class.
One of the implications of this work is related to the information in Figs. 10, 11, and 12. There is an obvious increase in error of the fit at low vapor pressures and temperatures. The reasons for this are related to the difficulty of making accurate measurements of p o L,i for low temperatures and pressures. Improvement in vapor pressure estimation techniques, especially for compounds with p o L,i <10 −10 atm will require additional empirical data.
